Abstract: Technological innovation can be highly instrumental in achieving sustainable development. How well does technology innovation research address the needs of sustainable development and in what directions does this research need to move to usher in sustainable development? We use co-word analysis in existing research publications to map the intellectual structure of the field of 'strategic technological innovation for sustainable development' during the period 1989-2009. The results suggest a list of 26 different research themes. Certain research themes are considered to be central and represent coherent and well-developed concepts. Other themes have arisen, matured, and then faded as major research concepts. Some other themes seem to be emerging or immature, but they signal the appearance of new research areas that are becoming central. Finally, there are some areas that are peripheral and others that need further development. We propose an integrative framework to study strategic technological innovation for sustainable development.
Introduction
The concepts of technology and innovation constitute key ideas for organisational strategy and sustainable development studies. For a long time now, researchers in economics, sociology, management and engineering sciences have studied several aspects of these phenomena in relation to other dimensions of organisations such as policy, strategy, structure and organisational performance (Aseem, 2012; Ron and Rahul, 2010; Zheng and Bingxin, 2012) . A large body of literature has also emerged on various aspects of sustainable technological innovations (Fagerberg and Verspagen, 2009; Markard et al., 2012) . Technology and innovation are recognised as key factors of success for the development of society (Frantzeskaki and Loorbach, 2010) and the long-term survival of companies (Berchicci and King, 2007; Bloomer et al., 2010; Hall and Vredenburg, 2003; Margolis and Walsh, 2003; Hart, 1995; Porter and van der Linde, 1995; Shrivastava, 2008) .
One of the foremost challenges facing global society is the sustainability of enterprises and their economic development (Elliot, 2011; Grin et al., 2010; Hart, 2010; Markard et al., 2012) . This refers to economic development that meets the needs of the current population of 6.2 billion (expected to grow to 9 billion by 2042) without jeopardising the capacity of future generations to meet their needs (WCED, 1987) . In moving towards sustainability, engineering and technological innovation can play a central role (Geels, 2011; Jacobsson and Bergek, 2011; Hart and Milstein, 1999; Markard et al., 2009) . Moreover, such innovation needs to be inter-, multi-and transdisciplinary, integrating engineering, technology, organisational theories, strategic management, and social policies (Elliot, 2011; Senge et al., 2007) .
The contribution of technologies and innovation to sustainable development of the economy and enterprises is under intense discussion at international levels (IPCC, 2009; OECD, 2011; UNEP, 2011) and researchers are recognising the role of innovation incorporate strategy and at operational levels (Kolk and Pinkse, 2005; Nill and Kemp, 2009) . One key concern of researchers is how to create new technologies and innovation while remaining at the same time economically profitable, ecologically sustainable and socially responsible (Shrivastava, 2008) . Technologies and innovation within the context of the triple bottom line can be positive levers of sustainability action (Savitz and Weber, 2006) . If not incorporated into a sustainability framework, technologies (such as nuclear, pesticides, asbestos, etc.) can be a threat to the collective human well-being (Perrow, 1984) . In fact, at the heart of many sustainability problems lie science, engineering and technology issues. Of the four key linked challenges of sustainable development (population explosion, energy use, resource exhaustion, and waste and pollution control) the last three are essentially scientific and technological in nature. Technological innovation can lead to more renewable energy use, conservation of resources, and new pollution control and waste management technologies. Sustainability is inextricably linked to strategic choices for technological innovation (Bloomer et al., 2010; Elliot, 2011; Hart, 2010) and knowing which innovations need to be developed is crucial to help us to understand what is necessary to achieve global sustainability.
As this paper will show, the quantity of academic publications in technological innovation for sustainable development has been growing rapidly in recent years, indicating a great interest of this subject for the sustainability of business and for society. A lot of journals specialising in sustainability strategies or in technological and innovation systems, such as Journal of Cleaner Production, Business Strategy and the Environment, The International Journal of Technology Management, Research Policies, Energy Policy, Research Technology Management, Clean Technologies and Environmental Policy, etc. have published numerous articles. For example, the International Journal of Technology Management has played an important role in studying the best strategies and practices for implementing sustainable technologies and innovation: Clark and Paolucci (2001) studied the commercial development of environmental technologies in the automotive industry as well as the development of regulations concerning pollution and sustainable development. Biondi et al. (2002) focused on the role of European small businesses in achieving environmental sustainability whereas Haigh and Griffiths (2008) studied the impact of IS operational strategies and practices on environmental sustainability. Oukil (2009) explored the key factors for sustainable growth and competitiveness in North African countries and Badamas (2009) considered the information technology policies for sustainable development. Other aspects of sustainable technology management have recently been published by the journal: managing knowledge and technology for sustainable development in Africa (Ahmed, 2009 ); drivers and barriers, product types and characteristics, process and recovery options, and actors -on firms' waste reduction practices (Wiel et al., 2012) ; correlation between eco-innovation and competitiveness within some Italian districts (Tessitore et al., 2012) ; business model blueprints for offshore wind and three suggested generic types of business model innovation (Richter, 2013) ; collaborative business modelling for systemic and sustainability innovations (Rohrbeck et al., 2013) , relationship between information, knowledge and technology management (Tietze et al., 2013) ; adoption of eco-design practices (Wiggett and Marcelle, 2013) to mention a few.
Despite the growing interest of academic, political and economic actors in integrating sustainability issues into innovation and technological processes, little attention has been paid by researchers to furnishing a comprehensive and integrative analysis of such phenomena. To the best of our knowledge, a study of the intellectual structure of the field of sustainable technologies and innovation has not been made. It is therefore essential to assess where technological innovation research is in relation to sustainability and how it can be moved further in that direction for practical and theoretical purposes (Ehrenfeld, 2009) .
This study seeks to provide a response to these concerns by asking the following questions:
• What is the intellectual structure of the field?
• How has the field evolved over time?
• What could we do in the future to develop the research in this domain?
In order to analyse the intellectual structure of the field and explore its evolution over time, we used a scientometric approach, based on the method of co-word analysis (CWA) (see Callon et al., 1991 Callon et al., , 1986 Coulter et al., 1998; Courtial, 1994) . This method helped us to trace the research priorities in the field from 1989 to 2009 by analysing 693 scientific publications, retrieved from the Business Sources Complete and Proquest. Through the CWA, we measured the strength of the links between the main themes by calculating the co-occurrence of key concepts and notions in those documents. These concepts are items of knowledge that represent the scientific field of strategic technological innovation for sustainable development, such as 'innovation strategies', 'technological innovation', 'water pollution', 'soil contamination', etc.
The quantitative assessment we carried out with the CWA is interesting on several levels. First, it allowed us to identify the key concepts and areas that constitute the core of the domain, such as 'energy resources', 'energy technology', 'emission reduction', 'technology transfer', 'economic development, 'industrial processes, etc. and how these areas have changed over time. These areas represent obligatory theoretical points of passage for researchers who wish to become involved in the field and will allow them to better understand the fundamental theories and concepts of their research. With this in mind, we also identified both old and current peripheral areas that have not been well developed or that have been marginalised over time as well as promising avenues for future research such as 'innovation processes', 'innovation strategies', 'environmental management', 'technology management', etc.
In addition, the analysis of the content of these areas helped us to determine whether the critical remarks formulated at a certain point in time in the dispersion and fragmentation of the field are still true and constitute a real trend in work on sustainable technology and innovation. We came to understand that the efforts made by researchers to form a cumulative body of theories and knowledge in the field have to be continued, especially through the development of a common vocabulary for the key concepts that reveal predominant theories or paradigms. Moreover, by analysing the interactions between the main concepts and themes structuring the field, we discovered that a relatively high number of innovation and technology issues are interrelated and they mutually influence each other and the sustainable development strategies and contexts. These interdependences and interconnections have to be taken into account in a multidimensional framework, when it comes to studying strategic technology and innovation for sustainable development.
It is this holistic integrative framework that we finally proposed and discussed further in the paper. We considered that this framework is essential for academics and for policy makers to have a comprehensive idea of the multiple contextual factors that could influence technology and innovation strategies for sustainable development and their implementation. We assume that these factors are not only related to some micro-economic key management dimensions of organisations such as strategy, resource availability or performance indicators, but have to do also with a large panel of macroeconomic variables such as institutional and governmental policies, economic growth, technological innovation systems, norms, regulations and social conditions, that may facilitate or prevent the development and the success of such organisational strategies. Even though technology and innovation seem to be the golden keys for sustainable development of society just as they are for the economic competitiveness of firms (Hart, 2005; Markard et al., 2012; Porter and van der Linde, 1995) , these issues are complex and need more multi-level and transdisciplinary analysis in the future. This paper is composed of four major sections. First, we introduce our research goals and demonstrate the relevance and importance of this study for the advancement and knowledge of technological innovation for sustainable development. Second, we describe our choice of methodologies and techniques as used in CWA. This choice essentially consists of processes for collecting and preparing data as well as the process of analysis used to generate 'clusters' of concepts and understand their contents. Third, we present the findings obtained from our themes analysis and their significance. Finally, we conclude by interpreting the results, proposing an integrative model for studying strategic technological innovation for sustainable development and discussing some opportunities for future research.
Methodology
In order to map the intellectual structure of a scientific domain, various bibliometric analyses can be employed. Co-citation analysis (i.e., papers or authors that are often cited in tandem) and CWA (i.e., words that are frequently used together in titles, abstracts, or lists of keywords) are often considered as the most representative methods among those techniques [Neff and Corley, (2009), p.3] . Co-citation analysis leads to interesting results but it can have some biases, such as the skewing of citations in favour of a few popular papers and a bias against younger documents (Sternitzke and Bergmann, (2009), p.114] . In contrast, CWA has the potential to address these analytical problems. It presents data visually while maintaining essential information and relationships [Ding et al., (2001), p.818] . It provides an immediate picture of the actual content of research conceptsbased on the nature of words that carry concepts and ideas [Ding et al., (2001), p.818] . CWA has been successfully used by a number of authors to explore the evolution of several scientific fields, including ecology (Neff and Corley, 2009) , robotics (Lee and Jeong, 2008) , information security (Lee, 2008) , economics (Cahlik, 2000; Cahlik and Jirina, 2006) , polymer chemistry (Callon et al., 1991) , software engineering (Coulter et al., 1998) , information retrieval (Ding et al., 2001) , information systems (Larsen and Levine, 2005) , biotechnology (Rodriguez et al., 2007) , and fuel cells (Hassan, 2005) .
CWA is a technique for visualising the structure of a research area through 'conceptual' or 'semantic' maps called 'clusters' that are generated using a classification method to analyse a set of selected concepts from documents (typically research papers) (Callon et al., 1991) . In this paper we use the word 'theme' instead of cluster. The method enables the structuring of data at different levels [Coulter et al., (1998) , p.1208]: as themes composed by concepts and links (connections between concepts); as distributions of interacting themes; and as transformations of themes over time periods. To obtain and interpret these themes, CWA uses four steps: collection and preparation of data, construction of themes, construction of strategic diagrams, and analysis of interaction between themes.
The first step in our analysis was the selection of scientific literature that best represents the research area in focus. We selected papers published in scientific journals dealing with 'strategic technological innovation for sustainable development'. The number of academic journals that publish such papers is relatively high. They contain papers that span a wide range of concepts. We considered the entire suite of journals contained in the Business Source Complete and Proquest databases. We extracted publication records providing titles and abstracts in English. The search of relevant papers was done using the following search query: (strategy OR strategic) AND (sustainable development OR sustainability) AND (technology OR innovation) . By the end of the search in June 2009, 693 relevant papers were obtained. These papers were compiled in a central file containing the following items of information: title, abstract, author(s), journal, year of publication, and author keywords. The extracted papers have been published in more than 450 different journals. Bibliographic data was then transferred into a custom-built web application driven by the Microsoft SQL Server database.
The most important components of CWA are the concepts themselves. In this paper we will employ the word 'concept' to designate keywords. From the titles and abstracts within the papers were extracted in three main steps. First, a list of single words was extracted from the titles and abstracts in the database. Second, semantic cleaning was performed based on the nature of the words and on their utility for our analysis. For instance, articles, prepositions, conjunctions, and common sense words were removed because their significance to the field is very general and adds nothing useful in terms of content analysis of this field. Third, we established a list of all the possible combinations between these words occurring at least in two papers. After a manual selection process we got a final list of 1327 concepts. However, a list in this raw form is unusable. Some concepts are synonyms, while others have ambiguous meanings that depend on the context of their use. Thus, a standardisation process based on our expertise and aided by a thesaurus of strategic management was performed manually. The synonyms were grouped together, and their occurrence 1 was cumulatively tallied. Ambiguous concepts were verified by direct text analysis within the titles and abstracts. Overly specific concepts were grouped into larger ones.
To analyse the evolution of the contents of the field, we regrouped the 693 papers into the two following time periods: P1 (before 2005: 1989-2004) and P2 (2005 and later: 2005-2009 ) for two main reasons. First, strategy literature considered the period around 2004 to be a turning point in the development of the field (Hutzschenreuter and Kleindienst, 2006) . Thus, the construction of periods before and after that date allows us to follow the dynamics of the evolution of the field. Also, this cut-off point gives us roughly equal numbers of publications in the two periods, thereby avoiding possible bias due to sample size differences. Secondly, the use of more than two periods would make the use of CWA on keywords more difficult due to the smaller number of items in each period.
The next important step in CWA is the construction of themes which represent a set of concepts strongly linked. The strength of the link between the co-occurring concepts that constitute a theme is measured by an association index 2 . In our study, we used the 'equivalence index', which measures the strength of the association between two concepts and that of every pair of concepts, storing it in a two-dimensional matrix of co-occurrences. This matrix is built by cross-referencing every concept retained for analysis with the other concepts. The formula for calculating this index is:
where C ij is the number of times (papers) that the concepts co-occur. C i and C j represent the number of respective occurrences of the concept i and the concept j (Callon et al., 1991; Coulter et al., 1998; Neff and Corley, 2009; Sternitzke and Bergmann, 2009) . For the most part, concepts in strategic technological innovation are not organised in a hierarchical fashion. Instead, the field is composed of areas and sub-areas that are part of a larger group. This is why we selected the equivalence index which yields equal probabilities for themes that have frequent concepts and to those with less frequent concepts (Callon et al., 1991) by normalising the frequency of occurrence for each concept within the theme. We were able to identify both the central themes and the newly emerging themes along with their sub-categories in the field (Neff and Corley, 2009 ). The equivalence index overemphasises less frequently used concepts, but counter balances this by exploring the prevalence and dynamics of both common and less common concepts in greater detail during the process of theme construction [Neff and Corley, (2009), p.9] .
To generate the themes we used a classification algorithm developed largely by a French team from the Center for the Sociology of Innovation (Ecole des Mines de Paris) whose pioneering work was published in the study Mapping of the Dynamics of Science and Technology (Callon et al., 1991) . This method was also used by a team of American researchers from the Software Engineering Institute (Carnegie Mellon University), and their work gave rise to other founding papers (Coulter et al., , 1998 . The detailed process of theme construction is described by Coulter et al. (1996) .
After generating the themes, we analysed their content to determine their contribution to the research field. To this end, themes are classified into three categories based on the intensity of their links with other themes [Callon et al., (1991), p.162; Coulter et al., (1998 Coulter et al., ( ), p.1213 . The first category, 'principal' themes, is strongly linked to one or more 'secondary themes' given their construction; next are 'secondary' themes, which are connected to 'principal' themes by a high number of links and are therefore often considered to be natural extensions of principal themes. The third category is comprised of 'isolated' themes that have few or no links to other themes (principal or secondary themes). To evaluate the contribution of each theme we calculate their 'centrality' and 'density' (Callon et al., 1991; Coulter et al., 1998; Neff and Corley, 2009) . Centrality measures the strength of the links between the concepts in the given themes and those in other themes. The stronger and more numerous these links, the more central is the research area represented by the theme to the development of the field. Density represents the strength with which the concepts in a theme are linked to each other. In other words, density measures the level of coherence and the development of a research area within itself (Cahlik, 2000) . To measure density, we used the index of Callon et al. (1991) whereas to measure centrality, we used the method employed as in Coulter et al. (1998) . The values calculated for the density and centrality of each theme were then used to construct a graph, known as a 'strategic diagram' (Callon et al., 1991) , which positions the themes within a two-dimensional Cartesian plane. The origin of strategic diagrams is the median of the respective axis values (Coulter et al., 1996) . The strategic diagram indicates the morphology of the field and classifies the themes into four categories according to their position in one of the four following quadrants of the graph [Callon et al., (1991), pp.166-167] : type 1 themes: 'central and well-developed' (high centrality, high density). These themes represent research areas that are well developed and very important to the intellectual structure of the field. They form the core of basic ideas, definitions and concepts of the field. Their positioning is strategic and foundational. They have been addressed over a long period of time by a considerable number of researchers. Type 2 themes: 'central and poorly developed' (high centrality, low density). These represent areas that have an important contribution to the field but have not yet been well developed. These areas may include research questions that are becoming more central but that have not yet been investigated by many researchers. Type 3 themes are 'peripheral and well-developed' (high density, low centrality). These research areas have been well developed in the past but are becoming peripheral. They often become specialisations that do not interact much with other fields of study and they function within a closed circle. Type 4 themes represent studies that are 'peripheral and poorly developed' (low centrality, low density). These encompass areas that are both peripheral to the central paradigm of the field and less well developed.
To be more specific in our analysis, we studied how themes interact and connect between themselves. As a result, another category of themes was identified. This category is what Callon calls crossroads clusters (Callon et al., 1991) . These themes are 'principal' themes, but they include at least two 'secondary' themes as well. Through their ability to connect to other themes, these themes reflect an essential role in the transformation of the field. Crossroads themes were located by comparing all the themes obtained by searching for concepts shared among them. Each theme can have one or more concepts that it shares with another within one period and/or at another period. The higher the number of shared concepts, the greater is the degree of similarity between themes. In our analysis, the threshold is set at three shared concepts. Then, we define crossroads themes as only those 'principal' themes that share at least two 'secondary' themes. Crossroads themes indicate central issues in the field (Callon et al., 1991; Coulter et al., 1998) . In contrast, 'isolated' themes are those that have no shared links with other themes.
To compare the exchanges between themes within the same period or during two periods, we analysed their level of interaction, which is expressed by the number of shared concepts. The more important concepts that two themes have in common, the more similar they are. They therefore represent the logical continuation of one theme in another and highlight the research areas that are more similar and highly connected. To assess the level of similarity of one theme to another, we calculated the 'similarity index' (SI) which has been employed in Coulter et al. (1998) . The formula for calculating this index is:
where W i is the number of topics in theme i, W j is the number of topics in theme j and W ij is the number of topics common to the theme i and j.
Results

Themes obtained, their structure and their contribution to the field
Over the entire period, between 1989 and 2009, we identified 26 themes. Each theme was named according to its concept and ordered according to its appearance in the classification process (see Table 1 ). The number of links and concepts contained in each theme varies significantly. Here, we have sets of research themes, which are surrounded by a significant number of inter-related key words. For example, the following themes: 'economic developmenttechnology and market', have 15 concepts and 20 links, 'improved technologytechnology transfer -soil fertility', have 14 concepts and 16 links, 'developing countries -forest management', have 16 concepts and 17 links. We also have provided sets of themes as in the case of themes 'green business -green marketing' and 'farming system' that are made up of only two key words and only one link. Figure 1 shows the network: 'energy resource -emission reduction'. The calculation of the indices of centrality and density for each of the 26 themes along with their positioning on the strategic diagram (see Figure 2 ) makes it possible to identify the contribution and the importance of each set of themes. In quadrant 1, we have positioned the research themes which constitute the heart of the field and have a strong impact on its structure, with strong centrality and a strong density. There are six sets of themes: 'energy resources -emission reduction', 'improved technology -technology transfer -soil fertility', 'economic development -technology and market', 'fossil fuel -industrial process -scientific research', 'cell technology -fuel cell', 'solar and wind energy'. The second quadrant represents a number of themes which are central, but also considered as emerging (low density); for example, the 'economic sustainability -waste management', 'developing countries -forest management', 'business strategy -sustainability', 'environmental performance -product development' and 'natural resources'. Quadrant 3 reveals well developed sets of themes but that operate in closed circles, having few links with the other sets of themes. These are domains of specialisation as in the case of 'pollution prevention', 'farming system', 'health system', and 'drinking water'. Lastly, quadrant 4 has sets of research themes that have developed little and which remain peripheral, in the context of technologies and innovation for sustainable development such as 'innovation strategy -regional development', 'innovation process', 'environmental management' and 'resource management'.
Analysis of 'crossroads themes'
The analysis of the interactions between the themes reveals a number of principal sets of themes, which are relatively dependent on other secondary sets of themes as shown in Table 2 . If one takes into account the sets of themes which are central and well developed (pertaining to quadrant 1 only), the theme 'energy resources -emission reduction' seems to be a principal theme at the centre of three other themes: 'fossil fuel -industrial process -scientific research', 'economic development -technology and market', and 'science and technology -technology management -sustainable development'. Similarly, 'fossil fuels -industrial process -scientific research' is also a principal theme for three other themes, namely: 'energy resources -emission reduction', 'economic sustainabilitywaste management' and 'developing countries -forest management'. The theme 'economic development -technology and market' is a principal theme for the secondary theme 'information and communication technology'. However, it should be mentioned that none of these principal themes meets the conditions of 'crossroads theme', i.e., of the themes which have two or more secondary themes for which the number of qualified links is equal or greater than two. In our field of research, this suggests that there are not yet sets of themes of literature which are cross-referenced with a good number of other sets of themes. We attribute this result to the significantly new concept of sustainability as it relates to global issues in development and to the very high degree of dispersion that the field represents. Despite the lack of 'crossroads themes', a certain number of themes strongly interact with others, as shown by index calculations of similarity between the themes, presented in Table 3 . Notes: W1 -number of concepts of theme 1; W2 -number of concepts of theme 2; W12 -number of common concepts; SI -similarity index. For example, among the central themes, the theme 'improved technology -technology transfer -soil fertility' interacts strongly with four other themes: 'developing countriesforest management', 'environmental performance -product development', 'natural resources', 'environmental management'. Also, the theme 'economic development -technology and market', shares key words with four other themes: 'energy resources-emission reduction', 'developing countriesforest management', 'business strategy -sustainability', 'environmental performanceproduct development'. Once again, these themes, that have a high level of correspondences with others, play a crucial role in the structuring of the field of study. They represent the logical continuation of some themes and highlight strong interconnections.
Analysis of the evolution of themes over time
The evolution of the themes was analysed over two periods: 1989-2004, 2005-2009 . The number of themes obtained for the first and the second period is comparable, 16 for the first period and 18 for the second (see Table 4 ). Figures 3 and 4 reveal the recent evolution of the technology and innovation field in relation to sustainable development. The first period reveals a strategic diagram made up of research concepts that only became central afterwards. This is noticeable from the absence of sets of themes in quadrant 1. In fact, the concepts were left primarily in quadrant 3 and 2, thus highlighting older sets of themes, well-developed but relatively isolated with the other sets of themes (zero centrality). More specifically, the following concepts: 'improved technologyproduction technology', 'regulatory framework', 'waste management', 'emission reduction -Kyoto protocol' and 'product development' fell in quadrant 3.
Next, in quadrant 2 we find the emergence of some sets of precursor themes of sustainable development, but which are not yet sufficiently well developed to have a strategic position in the field. This is particularly the case with the following concepts: 'technology transfer -developing countries -developed countries', 'economic development -development strategy', 'science technology -technology for sustainable development', 'environmental management'. In quadrant 4 we see sets of themes which reflect concepts closely related to technologies and innovation for sustainable development, but these sets of themes still remain poorly developed and are internally isolated from the remainder of the other concepts, which are in emergence. Notes: W1 -number of concepts of theme 1; W2 -number of concepts of theme 2; W12 -number of common concepts; SI -similarity index. Notes: W1 -number of concepts of theme 1; W2 -number of concepts of theme 2; W12 -number of common concepts; SI -similarity index.
The strategic diagram for the second period, 2005-2009, shows the evolution of the field because it highlights the movement of the research concepts towards quadrant one, thus highlighting the emergence of central sets of themes which occupy a dominant place for environmental and economic dimensions of sustainable development, such as: 'energy technology -energy resources' and 'economic development -development strategy'. The analysis of interactions (see Tables 5 and 6 ) between themes of the same period also confirms a relatively isolated evolution of different research themes. In fact, very few themes have strong interaction (at least three key words in common) with the others. During the first period (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) , only two sets of themes interact together: 'technology transfer -developing countries -developed countries' with 'science technology -technology sustainable development'. In the same way, during period 2, only two sets of themes have strong links with other themes: 'economic developmentdevelopment strategy' reacts with 'energy technology -energy resources', 'environmental management', and 'developing countries -forest managementgreenhouse emission', and 'natural resources -fossil fuel' is linked to 'technological innovation'.
Similarity between themes from different periods
Taking a closer look at the evolutionary dynamics of the field through time shows the interactions between themes pertaining to two different periods of time. For example we can seethe emergence, the continuation, or the disappearance of a set of research themes from one period to the other. We calculated the indices of similarity between the two periods and they are given in Table 7 . Evidently, many research concepts are unstable, (since where only one theme seems to survive from one period to another), and have few qualifying links (three concepts). This is true for the period 1 theme, (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) Notes: W1 -number of concepts of theme 1; W2 -number of concepts of theme 2; W12 -number of common concepts; SI -similarity index. Notes: W1 -number of concepts of theme 1; W2 -number of concepts of theme 2; W12 -number of common concepts; SI -similarity index.
Analysis of concepts
Analysis of the concepts makes it possible to see which key words generally recur most often in the various sets of research themes during the period as a whole and along two different time periods. The concepts that were analysed for calculation of themes do not participate in the building of the themes. Only those which occur with the others, at least in two papers and which have raised indices of equivalence, can enter the constitution of the themes. Therefore, out of the 329 concepts which we retained from the analysis, only 136 (41.33%) entered the calculation of the themes. This percentage is relatively high, compared with those of other studies using the method of co-occurrence (only 9.8% for Coulter et al., 1998) . This is due to the quality of discrimination of the field by the key words which were selected. The keywords which we retained are concepts consisting of many words such as 'innovation strategy' or 'sustainable development strategy'. The use of such compounds gives a better representation of the field of study, compared with the use of concepts consisting of a single word such as 'innovation' or 'strategy'. In Table 8 we present the concepts which appear most frequently in the construction of the themes. The table was generated first by obtaining the 15 most frequently appearing concepts within each time period and then eliminating redundancy from the combined lists. There are 21 concepts listed in this table (arranged alphabetically). The concepts are ranked from 1 to 15, based on two criteria: the number of documents and the number of networks in which they appear. Zero values ('zero') indicate that for these concepts, during the associated timeframe, they did not form part of the first 15. The data suggest that a certain number of concepts occupy an important place within the themes of research. These concepts are well classified and can be found in both periods, as is the case of the key words, 'developing countries', 'economic development', 'development strategy', 'environmental sustainability', 'new technology', 'natural resources', 'management strategy', 'sustainable development strategy', 'technological innovation'. On the contrary, words such as 'environmental management', 'energy technology', 'innovation strategy', 'technology transfer', are present in the documents for the first period, but disappear thereafter in the second period. finally, some concepts were absent in the first period, like 'fossil fuels', 'information communication technology', 'waste management', 'management system', 'business strategy', but they gained interest the second period.
Discussion
The work presented here aims to give a progress report on the structure of the field of research relating to strategic technologies and innovation for sustainable development.
The results suggest that the field has evolved, with a number of sets of themes becoming central and giving the field a definite identity. These themes emphasise research tasks that find technological innovation solutions for contemporary issues such as economic development, resource management for energy, and environmental protection. The relatively young nature of this field of study confers a certain disproportion between the sets of themes analysed. It also exhibits the relative isolation of a certain number of subjects, which in the past were popular but have recently been replaced with other timely issues. For example, the set of themes relating to environmental management have lost importance relative to more modern themes of sustainable strategies of development, environmental performance and the sustainability of economic development. An alternative interpretation is that the terminology in the field has changed. A further important feature that is evident is the high level of fragmentation in the field. There is a variety of technology and innovation concepts linked in some way to each other and to sustainable development. But the connections among them are not systematic. There is no overarching framework or theme within which all the studies cohere. The number of principal themes which could take a central role is weak compared to some peripheral and isolated themes. These themes are also unstable over time since they weave few bonds between the central themes. Moreover, the field's most frequent key words stem from broader sets of themes such as economic development strategy or that of sustainable development. This fragmentation offers many opportunities for future research to make connections among them.
Here we make a few suggestions for developing the field further. First of all, the field needs a systemic holistic framework that can overcome the fragmentation of the field by introducing a more interdisciplinary and integrative approach. This would take into account the contribution of other domains such as economic geography, political sciences, sociology, and the arts (Berchicci and King, 2007; Fagerberg and Verspagen, 2009; Markard et al., 2012) . We need to build bridges and establish strands of research outside the traditional core of engineering, economic and management studies that can link the various aspects of strategic technological innovation and reveal the commonalities and the differences. As shown by our CWA analysis, the core themes we discovered on strategic technological innovation for sustainable development continue to be rooted in economic, management or engineering sciences, emphasising research subjects such as economic development, technology management, technology transfer and improvement, business strategy, environmental management, etc. Only a limited amount of research has identified sociological, institutional and political factors that can facilitate innovation for sustainable technologies and there has been no clear and significant strategy-formulating framework showing multidimensional and multi-level influences on development of innovative technologies. Alternatively, innovation and technology systems can also be defined as a set of organisations, actors, agents and institutions (regulations, norms, cultures) and the relationships between them (Bloomer et al., 2010; Markard et al., 2012) . These systems must be analysed from different theoretical perspectives: regional (Cooke, 1992) , national (Freeman, 1987; Nelson, 1993) , international (Carlsson, 2006) , sectorial (Malerba, 2002) , institutional (Suurs et al., 2010) , technological (Carlsson and Stankiewicz, 1995; Hekkert et al., 2007) , etc. In this case, we need also to explore the role of other social, institutional and political sciences, and present empirical work addressing the question of how economic, social, cultural, political and structural mechanisms/conditions influence the emergence and operation of strategic sustainable technologies and innovations.
One very good example of integrated research is the Future Earth research platform, a ten-year international research program launched in June 2012 at the UN Conference on Sustainable Development (Rio+20). This project will answer fundamental questions such as how and why the global environment is changing, what are likely future changes and what are the risks and implications for human development and for the diversity of life on earth? Technological and innovation challenges are considered as key factors in moving the Earth system towards a more sustainable future. The main goal of this project is to provide the integrative scientific knowledge needed to underpin the sustainable development goals by integrating 'new insights in areas such as governance, tipping points, natural capital, the sustainable use and conservation of biodiversity, lifestyles, ethics and values' [Future Earth, (2013), p.11] . This integrative research approach provides a new way of coping with the complexities and uncertainties of today's global change issues. The Future Earth project involves both multidisciplinary and transdisciplinary solution-oriented researches to solve common research issues and create new knowledge and theory. This is done by integrating both academic researchers and non-academic participants (policy-makers, civil society groups and business representatives). The ultimate objective is to bridge the gap between environmental research and current policies and practices (Future Earth, 2013) . The Future Earth project provides the opportunity to connect many existing and new projects to broader efforts within the Science and Technology Alliance for Global Sustainability [Future Earth, (2013), p.36] . The Science and Technology Alliance for Global Sustainability partners collaborate on 'fostering the use of science, technology and innovation in equitable, sustainable decision-making and practice at all levels, taking into account environmental, societal, cultural and geographic diversity'. The global issues that humanity is facing are also seen by the project as opportunities for developing new sustainable technologies and innovation.
The framework we propose below is built by taking into account the principal themes identified during our analysis with CWA. It also identifies other key strategic technological innovation areas of relevance to sustainable development that do not emerge as central subjects in the themes obtained, even though these themes were part of the concepts that contributed to the construction of the themes for the whole period. The integration of these more secondary themes helps us to understand how technological innovations can foster sustainability at individual, organisational and local/national/international levels. The framework also illustrates connections among the concepts studied within individual themes and between themes, already identified in the literature on sustainable technologies and innovations, (e.g., Berchicci and King, 2007; Bergek et al., 2008; Elliot, 2011; Fagerberg and Verspagen, 2009; Geels, 2011; Jacobsson and Bergek, 2011; Markard and Truffer, 2008b; Markard et al., 2012) . This sort of connecting research can yield a better understanding of the role of individual technologies and innovations in sustainable development. Moreover, new technologies are needed to meet the sustainable development challenges of energy use, natural resources conservation, and pollution control and waste management (Hart, 2010) . More research on eco-design of products and production systems and eco innovation would be very useful in achieving sustainability. 
SUSTAINABLE DEVELOPMENT
• Environmental dimension: environmental protection, pollution reduction, the conservation of resources, the management of waste and effluents, the eco-efficiency, the management of environmental systems, etc.
• Economic dimension: green products, eco-conception, new ways of production, commercialisation and distributions, etc.
• Social dimension: social environment, population, poverty, discrimination, work, health, etc.
MACRO-ECONOMIC
• Policy/actors/institutions (regional, national/ international policies, actors' networks, institutions).
• Nature/natural resources (climate change, renewable and non-renewable resources, bio-diversity, ecosystems, energy system).
• Economy (globalisation, economic growth, markets, crisis, socio-technical systems, technological innovation systems).
• The integrative model we propose for the study of strategic technological innovation for sustainable development can be used by developers and policymakers by paying specific attention to factors, players and influences that facilitate or inhibit technology and innovation processes and the relationships between them. The proposed model ( Figure 5 ) consists of three main constituent elements: contextual factors that influence strategic technological innovation for sustainable development, characteristics of strategic technological innovation and characteristics of sustainable development.
Contextual factors. The framework acknowledges first that the role and type of strategic technological innovation needed for sustainability will differ in different macro-economic contexts: social, political, institutional and cultural. Secondly, the framework postulates that micro-economic factors, such as organisational governance, organisational strategies and performances, industries and market attributes, have also a significant impact on these technological innovation processes. Thirdly, we stipulate that even in a single organisation, these processes can vary across technologies and innovations because of the differences in their specific characteristics such as technical uncertainty and complexity, environmental risk, etc. So, strategic sustainable technological innovation encompasses a notion of 'appropriate technology'. In fact, sustainability oriented innovation and technology studies have largely recognised the impact of these multidimensional and multilevel contextual factors (Bergek et al., 2008; Bloomer et al., 2010; Fagerberg and Verspagen, 2009; Geels, 2011; Bergek, 2011, 2004; Markard et al., 2012) . Political, economic or institutional actors may have a direct or indirect effect as developers, financers or adopters of sustainable technologies (Markard and Truffer, 2008a) . They must facilitate or create barriers to the innovation processes by using different regulatory or constraint mechanisms (Suurs et al., 2010) . Economicconditions and events, especially crises, also affect innovation and technology for sustainable development by facilitating or preventing the formation of market and by the mobilisation of financial and human resources (Bloomer et al., 2010) .
As a major social actor, the general community, composed as it is of public opinions and expectations, social movements or interest groups (ex., NGOs), can also serve as major drivers of sustainable technologies (Bloomer et al., 2010; Borup et al., 2006) . The impact of these factors is not well considered in the literature on strategic technological innovation. Thus, future research should pay particular attention to them. The contribution of social sciences would be very useful to complement the predominant approach of the technological and management sciences which cannot explain everything (Berchicci and King, 2007; Fagerberg and Verspagen, 2009) .
The development of technologies and innovation for sustainable development depends also on the organisational behaviour of other major actors. Of particular importance, are leaders in the economy and in individual companies, and their respective understanding of sustainable development. These key industrial players, especially multinationals, may facilitate or inhibit the development, commercialisation and diffusion of sustainable technologies and innovations via resource mobilisation and the creation of legitimacy or resistance to change (Annique, 2011; Bloomer et al., 2010; Elliot, 2011; McIntyre et al., 2009; Paul and Anupama, 2004; Stern, 2007) . Their behaviour is connected to power distribution and past performance, as well as the management of material and immaterial resources. Behaviours are also shaped by the specificities of business sectors and by intra and inter-sector competition (Breschi and Malerba, 1997) . Organisation size may play an important role (Brown et al., 2007; Michael and Tammy, 2009; Milé, 2010) . Finally, the development of technology and innovation for sustainable development also depends on supplementary contextual dimensions such as the firm's strategic technological choices. These 'technology-specific factors' are related to the very fundamental technology and innovation characteristics such as the degree of technical and outcome uncertainty, the level of technical complexity, the degree of criticalness or urgency, the frequency of occurrence, the risk taken, etc. (Markard et al., 2009) . Taking these elements into account can help us better understand internal organisational processes and the early detection and assessment of risks and the potential of new technologies for sustainable development (Zweck et al., 2008) . As Frenken et al. (2009, p.527) suggest:
"There is a general sense of urgency that major technological transitions are required for sustainable development. Such transitions are best perceived as involving multiple transition steps along a transition path. Due to the path dependent and irreversible nature of innovation in complex technologies, an initial transition step along some preferred path may cut off paths that later may turn out to be more desirable."
Characteristics of strategic technological innovation. These characteristics refer to technical specificities and attributes that affect sustainable development in various categories of technology and innovation (clean technology, end-of-pipe technology, additive technology, integrative technology, environmental technology, sustainable technology, eco-technology, radical innovation, incremental innovation and so on). In the past, researchers have paid greater attention to improved or transferred technologies and incremental innovation (Henrich, 2011) . More research is needed on radical innovation and new technologies such as eco-and clean-technologies (Rajiv and Charles, 2008) . Analysis of technology and innovation can be deepened by focusing on specific sustainability domains such as energy, water, land, waste, air, noise, vibrations, ecosystems and landscapes, etc. A majority of the studies in this analysis concentrated on technological innovation for energy resources, and emissions and waste reduction. Other sustainability domains such as water and soil are neglected.
Characteristics of sustainable development: environmental, economic and social. It would be very useful to have a more systematic integration of the impact of technologies and innovation on each of the three levels: social, ecological and economic dimensions of sustainable development. As we saw in our analysis, researchers have already largely integrated the environmental and economic dimensions of technological innovations, but they have paid less attention to research into the social aspect.
The proposed model assumes direct and indirect links between the three constituents. So, the macro-and micro-economic contextual factors have an impact on the development of strategic technologies and innovations, which in turn influence the three essential dimensions of sustainable development.
Directions for future research and practical implications
Based on this integrative framework, future research might address some of the following major questions regarding technology and innovation for sustainable development, in order to understand why, when, and how technological and innovation choices for sustainable development are made and deployed:
1 What are the direct and the indirect effects of contextual factors (political, intuitional, economic, ecological, cultural, societal and regulatory) and which factors play a central role in the development of strategic technological innovation? How can firms use institutional actors' solutions to create sustainable technologies and products? Are geographical and industrial differences important explanatory factors and what is their explanatory power? What is the relative importance of these?
2 Can enterprises make strategic technological innovation choices that will be simultaneously economically advantageous, ecologically sustainable and socially responsible? What are the main indicators to be used to make such strategic choices? How do corporations balance and harmonise their choices considering the elements of technological innovation, economic growth, resource efficiency, and environmental protection? How do enterprises conduct international cost-benefit analysis in order to compare the negative impacts of present-day technologies with the positive benefits of future innovation?
3 What are the main decision-making criteria or drivers used to design new products, to develop appropriate production methods, and to reorganise distribution patterns in order to make these products sustainable? What are the main forces leading to such criteria and their implementation? What is the role of political factors (e.g., power distribution, firm governance) compared to more economic rational criteria (e.g., performance, market formation).
4 Are current international, national and regional political decisions an adequate response to anticipated future needs for sustainable technology and innovations? Are technology-and innovation-specific policies necessary to conceive more specific successful policies?
5 What is the relationship between sustainable technological strategies employed by businesses and a country's or region's economic and social performance? What is the impact of the availability of material and non-material resources on the development of sustainable technologies and innovations? Do the specifically technical factors count more in the strategic decision-making process of politics than knowledge, competences or learning processes?
These research questions must be at the core of sustainable strategic management but they are also relevant for politicians, economists, lawyers, sociologists, and researchers in their appropriate scientific and engineering fields. While multinational corporations, thanks to their market leadership and the availability of resources, have been at the forefront of technological innovation, the role of small and medium-sized enterprises cannot be underestimated. Smaller firms are more agile and opportunistic as they respond to the broad trends set in motion by larger firms. We also need to keep in mind the ethical dimension of technological choices, strategies, and modes of implementation as they frame the social debate about sustainability. Technology sets the production frontier, and is usually viewed as a neutral factor, often resulting from the political stakes of public and private decision makers. However, the debate on sustainable development has highlighted the energy and natural resource consequences of different technologies.
Hence it is important to answer questions regarding the use of energy and other natural resources, the extent and scope of technological solutions, shareholder and stakeholder interests, and intergenerational equity, in an integrated holistic framework (Markard and Truffer, 2008a) . The main theoretical contribution of our paper is related to the integrative model we propose. This model could help researchers to adopt a more integrative and multidisciplinary perspective when studying technological innovation for sustainable development in the future. This model tells us that the achievement of ecological, economic and societal sustainability though technological innovations depends on a very large number of contextual dimensions related to the characteristics of cultural, political, economic, institutional and technological systems. These dimensions have to be taken into account at the same time and not separately in the research design, due to the many levels of analysis and the complexity of several interdependencies. Moreover, our model provides at the same time a well-structured and a comprehensive analytical framework which must serve as a directory scheme to synthesise the research on the domain. It helps in identifying patterns quickly from a widely differing set of studies and examining multiple links within the same study.
There are several implications of this study for policy makers and managers. The lack of clear policies connecting innovation to sustainable development has led to a somewhat undirected development of innovations for sustainable development. Innovations are less specifically targeted to sustainability strategies, than to market demand. One area of innovation that is largely ignored but has direct practical implications for sustainable development is 'grassroots innovation'. It refers to innovation among poor people in the use of daily products, services and processes. The National Innovation Foundation and its Honeybee network have documented over 150,000 such innovations in India (http://www.nif.org.in/). These innovations do not require high technology or high investment, but they directly improve the lives of the poor. Many of them have the potential for being funded to become commercial products.
Another practical implication of this study is relevant for corporate sustainability strategies. Much of the focus of sustainability strategies has been on improving business ethics, corporate social responsibilities, operational efficiencies and employment conditions. An added focus on technological innovation can strengthen corporate sustainability strategies. This would require embedding sustainability-oriented technological innovations into strategic decision-making processes. It poses the challenge of reviewing and innovating corporate values and vision, strategies, business models, inputs, operations and outputs. We hope future research will examine these challenges in more detail.
